We have therefore become interested in mechanisms by which 'ready-made' eliciting antigens of BPO or other specificities might eventually accumulate in penicillin solutions. Considerable experimental evidence indicates that bivalent antigens, i.e. antigens carrying only two antigenic determinants per molecule, are sufficient to elicit anaphylactic reactions, although somewhat less efficiently than plurivalent antigens. It could therefore not be excluded that simple dimers of the penicillin molecule could eventually be sufficient to elicit anaphylactic reactions in highly sensitized individuals, the more so as such dimers have actually been isolated from penicillin solutions.
Furthermore, several chemical mechanisms may be visualized by which penicillin and penicillenic acid might react with themselves or with their degradation products to form various types of dimers and polymers. Finally, the presence of high molecular weight contaminants (e.g. protein, carboxymethyl-cellulose) in penicillin solutions might also lead to the accumulation of eliciting antigens.
We have therefore studied the eliciting capacity of benzylpenicillin solutions stored in various conditions, of various benzylpenicillin derivatives, of chromatographic fractions of benzylpenicillin solutions and benzylpenicillenic acid disulfide in patients allergic to penicillin. It appears from these results (de Weck et al. 1968 ) that numerous penicillin derivatives, apparently of low molecular weight, are involved in human penicillin allergy and are capable in sensitized individuals of eliciting reactions which are not of BPO specificity. It is evident that purification procedures based on chromatographic separation on Sephadex leave in penicillin solutions numerous compounds capable of eliciting immediate reactions in sensitized patients. Whether the active eliciting fractions represent mostly small polymers or dimers capable as such of eliciting reactions, or highly reactive monomeric small degradation products that elicit reactions only after conjugation in vivo, remains a question for future investigation. The fact that highly sensitive patients are always hypersensitive to different antigenic determinants and to several chromatographic fractions of benzylpenicillin suggests that anaphylactically reactive patients are in fact those who are sensitized to the largest number of possible antigenic determinants, and possibly also those sensitized to determinants not cross-reactive with penicillin itself and therefore not protected by the 'inbuilt inhibition' mechanism. 
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Some Aspects of Penicillin Allergy
In this paper we will try to assess the part played in penicillin allergy by the various breakdown products and impurities normally present in penicillin, and their relative importance. A list of the more important ones is shown in Table 1 . These will be dealt with individually from such points of view as whether they can conjugate to protein, whether they induce antibody formation and whether they will react with reaginic antibody.
Penicillin
Benzylpenicillin itself can conjugate directly with protein forming a co-valent bond and producing a penicilloyl-specific antigen (Batchelor et al. 1965) . It can also conjugate indirectly through the highly reactive intermediate penicillenic acid which also gives the penicilloyl determinant (Levine 1960) . The relative importance of these two routes is not clearly established. It should be mentioned that certain other penicillins do not readily form penicillenic acid and it is doubtful whether the problem of allergy is significantly less with thempenicillin V for example. Whether benzylpenicillin itself will induce antibody is a difficult question to answer. Certainly penicillenic acid formed from it will. Immunization experiments usually involve giving the penicillin as an emulsion with, for example, Freund's complete adjuvant. Here the conditions are ideal for penicillenic acid to be formed and our own work has shown that to mix penicillin with the mycobacteria of Freund's adjuvant for even a short time will cause sufficient penicilloylation to induce penicilloyl-specific antibody. When given intravenously in high doses penicillins do induce a heemolytic anemia in man; the reported cases seem to be with benzylpenicillin and methicillin, both of which readily form penicillanic acid.
That highly purified 6-amino penicillanic acid (6-APA) does not seem to induce antibody formation under the commonly used experimental conditions underlines the possibility that benzylpenicillin itself does not lead to the induction of antibody formation.
Benzylpenicillin acts as a univalent hapten inhibitor in penicilloyl-specific antibody systems, being in this respect about 100 times less active than penicilloic acid and 500 times less active than N-benzyl penicilloyl-E-amino caproic acid. This weak inhibition, however, means that it is not usually possible to detect penicilloyl-specific antigens in penicillins without first removing the penicillin and penicilloic acid. It may well be that one of the reasons that benzylpenicillin often fails to give a positive skin test in patients who give a positive test with penicilloyl polylysine is that the local ratio of inhibitor to antigen is such that no reaction can occur.
It appears that benzylpenicillin can elicit a response with some human reaginic antibody. We have a number of sera with which, using passive transfer to baboons, we can obtain a positive response only with benzylpenicillin. Skin tests on the patients themselves were positive with penicillin but not with penicilloyl polylysine. We have tried every known degradation product including penicillenic acid and also various penicilloyl-specific antigens, yet penicillin in as small a quantity as 0-01 pg was the only material to react. It is worth stressing that it is absolutely essential to use highly purified preparations in all this work. The usual chemical criteria of purity are completely inadequate.
The passive transfer test indicates that the reaction of penicillin with reagin is not due to abnormal metabolism of any kind although it does not follow that the same applies to the induction of reaginic antibody.
Benzylpenicilloic acid: We have no evidence from our own work that this hydrolysis product of penicillin plays any part other than being a univalent inhibitor.
Penicillenic acid: Penicillenic acid is a highly reactive but very unstable product of penicillin degradation and is present only as a fraction of 1 %. It will conjugate readily with proteins giving a penicilloyl-specific antigen. Because of this ability to conjugate it will induce antibody formation and is undoubtedly responsible in part for the circulating antibody levels found in virtually all patients treated with penicillin.
Because of its instability, particularly in aqueous solution, penicillenic acid is not easy to work with. We have, however, been unable to elicit a response using penicillenic acid as a challenge in either guinea-pigs passively sensitized with rabbit antipenicilloyl serum, or with human reagin passively transferred to baboons. In this latter case even the possibility of inhibition by the penicilloic acid arising from hydrolysis of the penicillenic acid is ruled out. Penicillenic acid disulphide: We have no evidence that this adduct of two penicillenic acid molecules plays any part in allergy to penicillin although it could theoretically combine with a protein by a disulphide exchange. It is mentioned only because it is common practice to attribute the peak in ultra violet absorption at 322 mp to penicillenic acid.
In fact penicillenic acid is so unstable at neutral or alkaline pH that these measurements are usually due to the stable disulphide.
Proteinaceous impurity: The detection or isolation of the proteinaceous impurity in 6-APA and penicillin has already been reported , Knudsen et al. 1967 , Stewart 1967 . The material appears to be a heterogeneous mixture of proteinaceous material derived from the enzyme used in the manufacturing process in the case of 6-APA, and from the fermentation beer and mycelium in the case of penicillin. It is highly penicilloylated and a strong antigen although the material from benzylpenicillin is the weaker of the two. It is of interest to note that the haptenic specificity of the impurity from 6-APA is predominantly benzyl penicilloyl, the penicilloylation occurring before the side-chain was removed.
It is possible to adsorb out all of the penicilloylspecific antibodies using a specific immunoadsorbent such as penicilloyl bovine-y-globulin on bromacetyl cellulose (Haimovich et al. 1967 ) and still leave residual protein-specific antibody which will react with the original protein.
The most interesting point about immunization experiments with these proteinaceous materials is that they induce skin-sensitizing antibodies, as well as other circulating antibodies, in both guinea-pigs and baboons. It is this which gives us some confidence that the impurity is important in induction of hypersensitivity in man, particularly since the antibody induced bears a close relationship to the amount of this impurity present. We are at the moment investigating whether these antibodies can be transferred to another baboon.
There is no doubt that this impurity is also important in that it can induce a response with human reagin. This we have done in baboons but the most valuable results in this area were obtained for us by Dr Stewart using human skin tests (Stewart 1967) . All the evidence suggests to us that this proteinaceous impurity plays an important part when penicilloyl specificity is involved which, on the evidence from penicilloyl polylysine skin testing (Parker et al. 1962 ), seems to be in about 75 % of allergic patients. 'Polymer': We come finally to the problem of 'polymer.' By this we do not mean polymer in the chemical sense though the evidence is that the substances involved are such polymers. We use the expression to describe a phenomenon which became apparent after we had succeeded in purifying both 6-APA and benzylpenicillin with respect to the proteinaceous impurity. The picture is relatively clear with 6-APA. A solution of pure 6-APA rapidly regains the ability to elicit a response with rabbit antipenicilloyl serum in guinea-pigs. The same occurs slowly in the dry solid and we have shown that something similar occurs very slowly in benzylpenicillin after months of storage, though here the penicillin itself is a good inhibitor and must first be separated to allow the 'polymer' to be detected by immunological methods.
Most of our work has necessarily been carried out with the more readily available 'polymer' from 6-APA. Its structure is not yet worked out though it seems to be a linear chain somewhat like the material reported by Grant et al. (1962) . It does not seem to conjugate to protein. We have been unable to stimulate antibody formation or delayed hypersensitivity with this polymer. This is not unexpected since it seems to be a homopolymer. Since it readily reacts in many antibody systems we must conclude that it could react with reaginic antibody of the penicilloyl specificity and could be important in causing an allergic response.
The discovery of the penicilloyl-protein contaminants in 6-APA and penicillins in 1962 owes everything to serendipity and scepticism: serendipity because they produced passive cutaneous anaphylaxis in the guinea-pig when nobody suspected their existence; scepticism because, being an immunological classicist, I refused to believe that a simple hapten like 6-APA could evoke an immediate PCA reaction in guinea-pigs sensitized with rabbit anti-penicilloyl serum.
My first thought was of the notorious property of 6-APA and penicillins to polymerize, but dialysis of concentrated 6-APA solutions dropped the penicilloyl-protein into my lap instead. As a preliminary look at some 6-APA polymers had been unrewarding, I gave top priority to the hunt for, and isolation, purification and characterization of these hitherto unsuspected penicilloylproteins from 6-APA and the penicillins themselves.
We found them everywhere and determined that they contained at least 12 amino acids plus the penicilloyl group, the latter inducing penicilloyl-specific antibodies and sensitization in experimental animals (Feinberg 1967a (Feinberg , b, 1968a . In the case of 6-APA, the protein seemed to be largely of Esch. coli origin, the latter being the source of the amidase used to degrade penicillin G to 6-APA. The proteins could be removed by dialysis, gel filtration, adsorption and other standard techniques.
The structure of the cephalosporins (Loder et al. 1961) made it apparent to me that similar
